HynSL from Alteromonas macleodii 'deep ecotype' (AltDE) is an oxygen-tolerant and thermostable [NiFe] hydrogenase. Its two structural genes (hynSL), encoding small and large hydrogenase subunits, are surrounded by eight genes (hynD, hupH and hypCABDFE ) predicted to encode accessory proteins involved in maturation of the hydrogenase. A 13 kb fragment containing the ten structural and accessory genes along with three additional adjacent genes (orf2, cyt and orf1) was cloned into an IPTG-inducible expression vector and transferred into an Escherichia coli mutant strain lacking its native hydrogenases. Upon induction, HynSL from AltDE was expressed in E. coli and was active, as determined by an in vitro hydrogen evolution assay. Subsequent genetic analysis revealed that orf2, cyt, orf1 and hupH are not essential for assembling an active hydrogenase. However, hupH and orf2 can enhance the activity of the heterologously expressed hydrogenase. We used this genetic system to compare maturation mechanisms between AltDE HynSL and its Thiocapsa roseopersicina homologue. When the structural genes for the T. roseopersicina hydrogenase, hynSL, were expressed along with known T. roseopersicina accessory genes (hynD, hupK, hypC1C2 and hypDEF ), no active hydrogenase was produced. Further, co-expression of AltDE accessory genes hypA and hypB with the entire set of the T. roseopersicina genes did not produce an active hydrogenase. However, co-expression of all AltDE accessory genes with the T. roseopersicina structural genes generated an active T. roseopersicina hydrogenase. This result demonstrates that the accessory genes from AltDE can complement their counterparts from T. roseopersicina and that the two hydrogenases share similar maturation mechanisms.
INTRODUCTION
Hydrogenases catalyse the reversible reduction of protons to H 2 . Three phylogenetically distinct groups of hydrogenases have been described that can also be grouped by the metal composition of the active site: the [NiFe] hydrogenases, the [FeFe] hydrogenases and the archaeaspecific [Fe] hydrogenases (Vignais & Billoud, 2007) . In addition, [FeFe] and [NiFe] hydrogenases also contain FeS sites involved in channelling electrons from donors to the catalytic site (Fontecilla-Camps et al., 2007) . Thus, hydrogenase assembly is largely dependent upon the ability of the cell to synthesize complex metal centres and properly insert them into nascent peptides (Manyani et al., 2005; Fontecilla-Camps et al., 2007) . Each group of hydrogenase has a different mechanism of active site assembly and uses a different set of accessory proteins (Böck et al., 2006) . Since the assembly of the active site is often the limiting factor for expressing a functional hydrogenase in a heterologous host (Casalot & Rousset, 2001) , the ability to effectively express all necessary accessory proteins along with the hydrogenase structural subunits is a key element in establishing heterologous expression systems.
[NiFe] Hydrogenases are generally heterodimeric enzymes consisting of a large (60-65 kDa) and a small (30-35 kDa) subunit (Vignais & Billoud, 2007) . Their maturation process requires an extensive set of accessory proteins to assemble the [NiFe]-containing catalytic centre, to insert it into the apoprotein, and to process the apoprotein to form the active hydrogenase (Böck et al., 2006) . Assembly of the [NiFe] centre is catalysed by the six Hyp proteins (HypABCDEF) which are generally conserved in organisms with an [NiFe] hydrogenase (Böck et al., 2006) . HypCDEF are responsible for attachment of two cyanide ligands and one carbon monoxide ligand to the Fe atom and for subsequent insertion of the complex into the large subunit apoprotein. Insertion of the Ni atom is accomplished by HypA and HypB. A specific protease cleaves the C-terminal portion of the large subunit causing a conformational change that encloses the active site. While the model described above has been established in Escherichia coli, some variations in the hydrogenase assembly may exist for different microbes (Maró ti et al., 2010) . In some systems, accessory proteins in addition to HypABCDEF and the protease have been identified as necessary for assembly of an active hydrogenase (Böck et al., 2006; Ludwig et al., 2009) . These include hupGHIJ and are likely involved in maturation of the small subunit, although the mechanism of small subunit maturation is not as well understood (Manyani et al., 2005) . Although [NiFe] hydrogenases have a conserved mechanism for assembly and maturation, accessory proteins are generally specific for the hydrogenase with which they have evolved, and this has been suggested to be the reason for the failure of many attempts at heterologous expression (Casalot & Rousset, 2001 ).
It was demonstrated that [NiFe] hydrogenases could be transferred between closely related bacterial species in such genera as Ralstonia and Desulfovibrio, and various species in the Rhizobiaceae (Friedrich et al., 1984; Rousset et al., 1998; Báscones et al., 2000) . These experiments involved either the transfer of a hydrogenase gene cluster including the entire set of accessory genes (Friedrich et al., 1984; Yagi et al., 1986; Báscones et al., 2000; Lenz et al., 2005) or the transfer of the structural genes and a small subset of the accessory genes with maturation relying upon the accessory proteins of the heterologous host (Rousset et al., 1998; Maró ti et al., 2009) . Despite the successful transfer of hydrogenases between several species, there has been limited success in heterologously expressing active [NiFe] hydrogenases in E. coli. For example, expression of the Thiocapsa roseopersicina hynSL genes in E. coli failed to yield an active hydrogenase (Shirshikova et al., 2009) . Recently, however, an active NADP-dependent [NiFe] hydrogenase from Pyrococcus furiosus was expressed in E. coli and required expression of only an additional protease for activity (Sun et al., 2010) .
Due to the inherent O 2 sensitivity of native H 2 -evolving hydrogenases, an O 2 tolerant [NiFe] hydrogenase needs to be transferred into cyanobacteria to enable continuous photobiological hydrogen production. By first testing the genetic requirements for maturation under aerobic conditions in a fast-growing model system such as E. coli, the transition to work with cyanobacteria could be greatly facilitated. Thus, the assembly and maturation of O 2 tolerant [NiFe] hydrogenases in E. coli was attempted as an initial test for their expression in cyanobacteria. We sought to heterologously express [NiFe] hydrogenases from Alteromonas macleodii and T. roseopersicina in an E. coli mutant lacking its endogenous hydrogenases. The Alteromonas hydrogenase was initially identified by metagenomic analysis of Sargasso Sea environmental DNA, due to its sequence similarity to the O 2 -stable and thermostable [NiFe] hydrogenase HynSL from T. roseopersicina; and it was previously named HyaAB, but renamed HynSL in accordance with the consensus in the hydrogenase community. Its genes were later cloned from the environmental DNA samples, including the structural genes hynSL along with accessory genes hynD and hupH, encoding an endoprotease and an accessory protein, respectively . A functional hydrogenase was assembled when the hynS/hynL/hynD/hupH genes were expressed in T. roseopersicina (Maró ti et al., 2009), suggesting that other T. roseopersicina accessory genes participated in the assembly of the active hydrogenase. Later, the environmentally derived HynSL was found to be 99 % identical to the A. macleodii 'deep ecotype' (AltDE) hydrogenase after its genome was sequenced . AltDE contains a gene cluster with hynSL and at least eight accessory genes. AltDE HynSL shares~60 % identity with HynSL from T. roseopersicina (Kovács et al., 1991) . A number of T. roseopersicina genes encoding accessory proteins have been identified by mutagenesis including hynD, hupK, hypC1, hypC2, hypD, hypE and hypF (Fodor et al., 2001; Kovács et al., 2002) . HynD is an endoprotease involved in cleaving the large subunit HynL, while HypCDEF are thought to function in assembly of the active [NiFe] catalytic site (Maró ti et al., 2003; Maró ti et al., 2009) .
In this study we investigated the genetic elements required to express, mature and assemble active [NiFe] hydrogenases in the heterologous host, E. coli. To this end, we demonstrate expression of active [NiFe] hydrogenases from AltDE and T. roseopersicina in aerobically grown E. coli, and we determine the genes required for assembly of an active catalytic centre for the AltDE hydrogenase HynSL. We further show that the accessory genes from one organism can be used to assemble a functional hydrogenase from a second organism that contains a hydrogenase with a similar sequence.
METHODS
Strains and growth conditions. All strains and plasmids used in this study are listed in Table 1 . All E. coli cultures were grown with vigorous shaking (300 r.p.m.) at 30 uC in Luria-Bertani (LB) broth, on LB agar plates, or in the rich, pH-balanced auto-induction (AI) medium (Studier, 2005) supplemented with 0.2 % (w/v) alphalactose. IPTG was added to cell cultures grown in LB medium as indicated to a final concentration of 1 mM. Culture media were supplemented with appropriate antibiotics (spectinomycin, 50 mg ml 21 ; kanamycin, 25 mg ml 21 ; chloramphenicol, 25 mg ml 21 ) and 100 mM NiCl 2 . Except where noted otherwise, anaerobic growth was performed in AI medium supplemented with glucose to a final concentration of 0.5 % (w/v). After inoculation into gas-tight 100 ml serum vials, cultures were sparged for 20 min in argon and incubated at 37 uC overnight.
Molecular biology techniques. All molecular biology techniques were performed according to the methods described by Sambrook & Russell (2001) . High fidelity PCRs to amplify DNA for cloning purposes were performed using Phusion polymerase (New England Biolabs) according to the manufacturer's instructions. The sequences of all primers used in PCRs are listed in Supplementary Table S1 (available with the online version of this paper). One-step isothermal chewback and anneal (CBA) assembly reactions were performed as described by Gibson et al. (2009) . Briefly, 25 fmol of each DNA fragment was combined with iso-buffer (0.5 M Tris/HCl pH 7.5, 25 mM MgCl 2 , 1 mM dNTP, 50 mM DTT, 31.25 mM PEG-8000 and 5 mM NAD), 0.002 U T5 exonuclease (Epicentre), 2 U Taq ligase (New England Biolabs) and 0.025 U Phusion without hotstart (New England Biolabs). The reaction was incubated at 50 uC for 60 min and was subsequently transformed into E. coli strain DH10B.
Plasmid construction. An IPTG-inducible expression vector, pTrc-NSI, was used to clone the HynSL gene cluster (Xu et al., 2003) . The entire approximately 13 kb region containing the AltDE hydrogenase genes (hynSL) and 11 adjacent hypothetical accessory genes was amplified by PCR in four pieces using the following four pairs of primers ( Fig. 1) : primers # 268 and # 269 (PCR product: fragment A, 2.9 kb), primers # 270 and # 271 (fragment B, 3.5 kb), # 272 and # 273 (fragment C, 3.3 kb), and # 274 and # 275 (fragment D, 3.3 kb). The primers were designed so that adjacent fragments (such as A and B, B and C, C and D) overlap by 30 bp while fragments A or D have 50 bp overlaps with the cloning vector, pTrcC-NSI. After gel purification, the four fragments and the NdeI-digested pTrc-NSI vector were assembled by the CBA protocol to create pRC41 (Gibson et al., 2009) (Fig. 1) . The entire cloned operon in pRC41 was confirmed to be accurate by DNA sequencing.
To make pWAV1, the hynSL genes were amplified from the AltDE genome by PCR using primers HyaAB-F and HyaAB-R and the resulting product was assembled with the NdeI/XhoI-digested pTrc-NSI vector using the CBA protocol (Gibson et al., 2009) . To create plasmid pWAV7, the DNA fragment containing the AltDE hydrogenase gene cluster hypCABDFE was digested from plasmid pRC41 using SmaI and ligated to pWAV1 that had been previously digested with SwaI and AscI, blunted with T4 polymerase, and dephosphorylated. The plasmid pWAV7 was sequenced to confirm its sequence fidelity. Plasmids pWAV20, pWAV21, pWAV22, pWAV23, pWAV24 and pWAV25 were made to express various combinations of the five genes upstream of hynSL in addition to hynSL and hypCABDFE. PCR was performed to amplify the desired genes using specific primers ( Fig. 1) , and the products were assembled with SacIdigested pWAV7 using the CBA protocol (Gibson et al., 2009) . The six resulting plasmids were confirmed to be correct by DNA sequencing. To make pWAV2, a fragment containing the hynD and hynSL genes was amplified by PCR using hynUhupP-F and HyaAB-R as primers (Supplementary Table S1 ) and pWAV21 as a template. This approximately 3.5 kb fragment was cloned using the CBA protocol into the EcoRI/XhoI-digested pTrc-NSI vector. The resulting pWAV2 construct was confirmed to be accurate by DNA sequencing.
To make plasmid pWAV10 containing the 11 putative accessory genes (orf1/cyt/orf2/hynD/hupH/hypCABDFE), pWAV7 was digested with SmaI, dephosphorylated, and ligated with a SmaI-digested kanamycin resistance (Km R ) cassette from pRL448 to create pWAV7-Km R . The six hyp genes (hypCABDFE) and the downstream Km R cassette were digested from pWAV7-Km R with SmaI and ligated into pRC41 that was previously digested with BamHI and blunted to remove all but the first 488 bp of hynS and all of hynL and hypCABDFE. The resulting plasmid, pWAV10, has a pTrc-NSI backbone and contains the first five putative accessory genes (orf1, cyt, orf2, hynD and hupH) followed by the six hyp genes and the Km R cassette.
A pACYC184-based expression plasmid pAC-AmSL that would stably co-replicate with pWAV10 was created as follows. pTrc-NSI was digested with SalI to release an approximately 2 kb fragment containing the spectinomycin resistance marker (Sp R ), lacI, lacO and the Trc promoter, P Trc . This fragment was blunted and ligated into pACYC184 at the EcoRV site to create the vector pAC-NSI. The inserted fragment was verified by restriction enzyme digestion to be in the same direction as the interrupted tetracycline resistance gene. To create pAC-AmSL, an approximately 5 kb region containing Sp R , lacI, lacO and P Trc , and the AltDE hynSL genes was digested from pWAV1 with SalI and ligated into a SalI-digested pACYC184 to make plasmid pAC-AmSL. The correct orientation of hynSL was also confirmed by restriction digestion.
Plasmids pAC-TrSL, pAC-Hyn3 and pAC-Hyn4 containing the structural and accessory genes of the T. roseopersicina hydrogenase HynSL were created in the following way. The hynSL genes were amplified by PCR from T. roseopersicina genomic DNA in two pieces and ligated with an expression vector in a three-piece-ligation reaction. The first PCR amplified hynS using primers hydS-NdeI-F and TSK-R with NdeI or KpnI sites added at the 59 and 39 ends, respectively. The second PCR amplified hynL using primers HynLK-F and HynLP-R with KpnI and XhoI sites added at the 59 and 39 sites, respectively. The two PCR products were digested with NdeI/KpnI or KpnI/XhoI and ligated into vector pTrc-NSI, creating plasmid pTrcHynSL that was then confirmed by DNA sequencing. To create pACTrSL, an approximately 5 kb region containing Sp R , lacI, P Trc and the T. roseopersicina hynSL genes was digested from pTrc-HynSL with HindIII, blunted, and ligated into a EcoRV-digested pACYC184 to make plasmid pAC-TrSL. Correct orientation was confirmed by restriction enzyme digestion and DNA sequencing.
To create pAC-Hyn3, two plasmids (pTrc-Hyn2 and pTrc-Hyn3) were constructed. The hynD sequence was amplified from T. roseopersicina genomic DNA by PCR using primers HynD-F2 and HynD-R. The resulting PCR product was digested with XhoI and SpeI and subsequently ligated with a similarly digested pTrc-HynSL vector to give pTrc-Hyn2. The plasmid pTrc-Hyn3 containing the genes hynSL, hynD, hupK and hypC1C2 was created by three-piece ligation using the three fragments: 1) pTrc-Hyn2 digested with SpeI and FseI, 2) a PCR product (hupK/hupC1) amplified from genomic DNA by using primers hupK-F and hypC1-R and subsequently digested with HindIII and SpeI, and 3) a PCR product (hypC2) amplified by using primers hypC2-F and hypC2-R and subsequently digested with HindIII and FseI. Finally, to create pAC-Hyn3, a DNA fragment containing the region hynSL, hynD, hupK and hypC1C2 was digested from pTrc-Hyn3 with NdeI and AscI and ligated with a similarly digested pAC-NSI vector.
To create pAC-Hyn4, the hypDEF genes from T. roseopersicina were amplified in the following steps. Using T. roseopersicina genomic DNA as a template, hypDE were amplified by using primers HypD-F4 and HypE-R4, and hypF was amplified by using primers HypF-F4 and HypF-R4. The primers HypE-R4 and HypF-F4 were designed such that the two resulting PCR products had overlapping sequences and were assembled together by polymerase cycling assembly. The resulting 5 kb piece containing hypDEF was digested with FseI and SwaI and ligated into a similarly digested pTrc-Hyn3 plasmid to create pTrc-Hyn4. To create pAC-Hyn4, pTrc-Hyn4 was digested with NdeI and AscI and ligated into a similarly digested pAC-NSI vector.
Plasmid pAmHypAB was created by amplifying the hypAB genes from AltDE genomic DNA with primers hypAB-F and hypAB-R, and assembling the PCR product into pTrc-NSII that was previously digested with NdeI and BamHI as described previously (Gibson et al., 2009) .
Hydrogenase activity assays. An in vitro hydrogen evolution assay was performed on aerobically grown cells that were lysed under aerobic conditions in 1 ml sonication buffer (10 mM Tris/HCl pH 7, 0.5 mM EDTA, 1 mM DTT), sonicated for 2 min on ice and centrifuged at 16 000 g to remove cell debris. Reactions were performed with extracts containing approximately 6 mg total proteins under anaerobic conditions as described previously using methyl viologen as a synthetic electron donor (Maró ti et al., 2009). For assays involving anaerobically grown cells, cultures were opened in an anaerobic chamber and 10 ml was transferred to a centrifuge tube and spun at 5000 g for 10 min. The resulting pellet was resuspended in 1 ml sonication buffer in an anaerobic chamber and used in assays as described previously (Maró ti et al., 2009) supplemented with 0.1 % (v/v) Triton X-100.
Protein techniques. SDS-PAGE was performed as described by Sambrook & Russell (2001) . Gels were either stained with Coomassie using the SimplyBlue SafeStain reagent (Invitrogen) or transferred to nitrocellulose and Western blotting was performed using polyclonal rabbit antibodies specific for T. roseopersicina HynL and HynS as the primary antibodies (Sambrook & Russell, 2001; Maró ti et al., 2009) .
RESULTS
Expression of the entire A. macleodii hydrogenase gene cluster in E. coli Analysis of the AltDE genome sequence revealed that the structural genes hynS and hynL of the [NiFe] hydrogenase HynSL are in a gene cluster. There are eight open reading frames (ORFs) adjacent to hynSL, whose protein products appeared to be related to hydrogenase assembly and maturation (Fig. 1) . Upstream of hynSL is hynD, encoding an endoprotease previously described to be involved in large subunit cleavage (Fig. 1) . Upstream of hynD, three ORFs of unknown function were identified. One ORF, cyt, encodes a protein with a putative cytochrome C domain (Ivars-Martinez et al., 2008) . The other two ORFs, orf1 and orf2, have no orthologues of known function, but are predicted to encode membrane proteins with several transmembrane helices.
To heterologously express the AltDE [NiFe] hydrogenase in E. coli, we sought to clone the HynSL gene cluster in an expression vector, pTrc-NSI, which contains an IPTG/ lactose-inducible promoter P Trc . The entire 13 kb operon including hynSL and the 11 surrounding genes was amplified by PCR from AltDE genomic DNA in four consecutive and overlapping pieces (Fig. 1) . The resulting four PCR products (fragments A, B, C and D) with sizes ranging from 2.9 to 3.3 kb (Fig. 1) were assembled together with the vector pTrc-NSI using the one-step isothermal CBA protocol (Gibson et al., 2009) (Fig. 1) . The resulting plasmid, pRC41, was transferred to an E. coli strain, FTD147, which is a mutant strain of MC4100 with the large subunit genes (hyaB, hybC and hycE) of three functional hydrogenases knocked out (Redwood et al., 2008) . E. coli cells were grown in LB medium and then treated with IPTG to induce expression of the heterologous hydrogenase, HynSL. To examine the heterologously expressed hydrogenase at the protein level, cell lysates from MC4100, FTD147 carrying the vector pTrc-NSI, and FTD147 carrying pRC41 were subjected to electrophoresis on an SDS-PAGE gel and then subjected to Western blotting analysis using antiserum raised to the large subunit protein (HynL) of the T. roseopersicina HynSL hydrogenase. As expected, no proteins were detected in the negative controls, MC4100 and FTD147/pTrc-NSI, whereas a protein at the expected size of the large subunit HynL of HynSL (67 kDa) was detected in FTD147 containing pRC41 after IPTG induction (Fig. 2a) . A small amount of HynL was also produced in the absence of IPTG induction (Fig. 2a) , indicating the leaky activity of the P Trc promoter. The expression of the small subunit HynS of HynSL was also examined using antisera raised against the small subunit (HynS) of HynSL. A 37 kDa protein product was detected that matched the expected size of HynS (data not shown).
To determine whether a functional hydrogenase could be expressed in aerobically grown E. coli, the enzymic activity of the heterologously expressed AltDE hydrogenase, HynSL, was evaluated by in vitro H 2 -evolution assay. While the negative control strain FTD147 carrying pTrc-NSI produced no detectable hydrogenase activity as expected, FTD147 carrying pRC41 yielded hydrogenase activity (Fig. 2b) . When IPTG was added to the cultures grown in LB medium, activity increased 1.6-fold (Fig. 2b) . The level of this induced activity was approximately 10 % of that detected for the natively expressed HynSL hydrogenase in aerobically grown AltDE (Vargas et al., 2011) . For comparison, the activity in wild-type E. coli MC4100 was also examined under the same conditions as the pRC41-containing cultures. A very low level of hydrogen-evolving activity was detected when the wildtype MC4100 was grown aerobically (Fig. 2b) . This is consistent with previous findings that E. coli hydrogenases are weakly expressed under aerobic conditions (Richard et al., 1999) . Wild-type MC4100 grown under anaerobic conditions in the rich, auto-inducing (AI) medium (Studier, 2005) had a hydrogenase activity of 54.7±1.9 nmol H 2 (mg protein) 21 min 21 . This is approximately 16-fold higher than the pRC41 cultures grown aerobically in LB medium.
Since E. coli cultures can become O 2 -limited in late exponential and stationary phase (Vasala et al., 2006) , we sampled cultures of FTD147 carrying pRC41 at early time points in the growth curve after IPTG induction and tested in vitro H 2 evolution activity of the heterologously expressed AltDE HynSL. Hydrogenase activity could be detected at 2 and 3 h when the culture was still in early exponential phase and was fully aerobic ( Supplementary  Fig. S1 , available with the online version of this paper), further confirming that the AltDE hydrogenase can be fully assembled when grown under aerobic conditions in E. coli. We also tested the culture grown anaerobically. Anaerobic cultures yielded approximately twofold higher activity compared with aerobic cultures at the same time point (Supplementary Fig. S1 ), suggesting that more active hydrogenase was produced under anaerobic conditions.
The AI medium was further tested for inducing expression of HynSL in E. coli. FTD147/pRC41 cells grown in this medium yielded two-to fourfold lower hydrogenase activity compared with those grown in the LB medium (data not shown). However, because cells grown in this medium yielded more consistent levels of protein expression, it was chosen for later experiments. We compared the hydrogenase activities between cells grown in AI medium supplemented with and without 100 mM NiCl 2 . We found that addition of nickel increased the activity by approximately 50 % (data not shown). Thus, nickel was added for all experiments below.
Determination of gene sets required for HynSL assembly and maturation
A series of plasmids was constructed to determine the set of genes that is necessary for the maturation of a functional hydrogenase in E. coli (Fig. 3) . The AltDE hydrogenase structural genes and various combinations of the accessory genes were cloned into pTrc-NSI, generating constructs pWAV1, pWAV2, pWAV7, pWAV20, pWAV21, pWAV23, pWAV24 and pWAV25 (Fig. 3) . Genes in these constructs were arranged in the same order as in the AltDE genome. pWAV1 carries only structural genes hynS and hynL, whereas the rest of the constructs carry an additional 1-11 accessory genes (Fig. 3) , such as a single endoprotease gene hynD in pWAV2, and six hyp genes hypCABDFE in pWAV7. Compared with pWAV7, pWAV20 and pWAV21, each have an additional gene, hupH or hynD, respectively, while pWAV22 has two additional genes, hupH and hynD. pWAV23, pWAV24 and pWAV25 have an additional one (orf2), two (cyt and orf2) or three (orf1, cyt, and orf2) genes, respectively, upstream of hynD compared with pWAV22. Thus, all 11 accessory genes found in pRC41 were present in pWAV25. To determine how these different combinations of accessory genes affect hydrogenase assembly, all constructs were transferred separately into E. coli FTD147 and expression of each set of genes was induced in the AI medium under the control of the P Trc promoter.
Expression of AltDE HynSL in each transformed E. coli strain was evaluated by Western blotting. Cell lysates were separated by SDS-PAGE and immunoblotting was performed using antibody raised against HynL from T. roseopersicina. The large subunit (HynL) of the expected size (69 kDa) was detected when only the structural genes were expressed alone (FTD147/pWAV1) while no immunoreactive protein was observed in FTD147 carrying the empty vector (pTrc-NSI) (Fig. 4a) . Similarly, bands of the expected size were detected from FTD147 carrying pWAV2 through pWAV25, which contain hynSL plus 1-11 accessory genes (Fig. 4a) . Coomassie blue staining of a duplicate protein gel (Fig. 4b) indicated that each lane was loaded with a similar amount of crude cell extract. After the SDS-PAGE gel was run for longer, an extra band with a slightly lower molecular mass was observed in the E. coli strains carrying construct pWAV21, pWAV22, pWAV23, pWAV24 or pWAV25 (Fig.  4c) . The presence of the extra band is consistent with the presence of the endoprotease gene hynD in the constructs in addition to the six hyp genes, suggesting that the large subunit HynL was cleaved specifically by the endoprotease HynD during the maturation process.
To determine whether the expressed hydrogenase in each strain was properly matured and active, in vitro H 2 evolution assays were performed. Since the expression level of HynL was consistent for all constructs (Fig. 4a ) the activity detected should reflect the relative amount of active protein produced. There was no hydrogenase activity in the FTD147 strain containing pWAV1 (Fig. 4d) . Neither addition of one extra protease gene (hynD) in pWAV2, nor addition of the six extra hyp genes (hypCABDFE) in pWAV7 resulted in detectable hydrogenase activity (Fig.  4d) . However, when the hynD protease gene was combined with hypCABDFE together with the hynSL structural genes (pWAV21), an active hydrogenase was produced, albeit with minimal activity (Fig. 4d) , indicating that endoprotease HynD was essential to assemble an active hydrogenase. Addition of hupH (pWAV22) to the gene set of hynD and hypCABDFE contained in pWAV21 further increased hydrogenase activity, indicating that HupH could facilitate the assembly process. Inclusion of orf2 (pWAV23) increased activity over pWAV22, but addition of cyt (pWAV24) and orf1 (pWAV25) did not yield significantly higher activity than that of pWAV23. This result demonstrates that Orf2, but not Cyt and Orf1, contributed to assembling and maturation of the hydrogenase. Overall, these results suggest that the set of genes for activity in aerobically grown E. coli is the structural genes accompanied by the protease, hynD, and the six hyp genes (hypCABDFE), and further addition of hupH and orf2 increases the efficiency of maturation.
Expression of the T. roseopersicina hydrogenase genes in E. coli
To compare the assembling and maturation mechanisms between the AltDE hydrogenase HynSL and its homologue T. roseopersicina hydrogenase HynSL we sought to express T. roseopersicina HynSL in E. coli. The first step was to assemble the known T. roseopersicina accessory genes into an artificial operon. The genome of T. roseopersicina is not completely sequenced. However, hydrogenase accessory genes including hynD, hupK, hypC1C2 and hypDEF have been identified (Fodor et al., 2001; Kovács et al., 2002) . The construct pACTrSL contained the T. roseopersicina structural genes hynS and hynL, with the intervening isp1 and isp2 genes removed since they are required for in vivo hydrogenase activity, but not for maturation (Palágyi-Mészáros et al., 2009) . A second construct pAC-Hyn3 contained hynSL and the accessory genes hynD, hupK, hypC1 and hypC2 (Fig. 5) . A third construct pAC-Hyn4 contained all the genes in pAC-Hyn3 and additional hypDEF (Fig. 5 ). All T. roseopersicina genes contained their native ribosomebinding sites and were driven by the P Trc promoter. These constructs were assembled in the pACYC184 vector that contains the p15A origin of replication and allows for stable co-replication of pTrc-NSI-based plasmids carrying the ColE1 origin in E. coli. Fig. 3 . Diagram of constructs containing various combinations of structural and accessory genes from the A. macleodii HynSL gene cluster. Restriction enzymes used for cloning are indicated. P Trc represents the Trc promoter. Dashed lines upstream from the P Trc promoter represent the vector sequence that is the same in all constructs. This figure was drawn to scale. Both pWAV25 and pRC41 contain the entire HynSL cluster, but pWAV25 is not a 'seamless' copy of pRC41, and it differs from pRC41 in the following ways: orf1 in pWAV25 has a different ribosome-binding site and small stretches of vector sequences are present in pWAV25 (between hupH and hynS and between hynL and hypC), but not in pRC41.
Plasmids pAC-TrSL, pAC-Hyn3 or pAC-Hyn4 were transferred separately into the E. coli strain FTD147. The cell lysates of the E. coli strains were subjected to Western blotting analysis. The T. roseopersicina hydrogenase large subunit, HynL, was detected in these strains by anti-HynLspecific antibodies at the expected size of 62 kDa (Fig. 6a) . The same level of HynL was detected among the three transformed strains, which is consistent with Coomassie blue staining of a duplicate protein gel loaded with similar amounts of proteins in each lane (Fig. 6b) . To determine the activity of heterologously expressed HynSL, H 2 evolution activity assays were performed. However, no activities were detected in all E. coli cells containing pACTrSL, pAC-Hyn3 or pAC-Hyn4 (Fig. 6c) , indicating that Crude cell extracts were used for in vitro hydrogen evolution assays. The experiment was repeated three times. Error bars indicate SD of the mean from three replicate cultures. Lanes/bars: 1, pTRC-NSI; 2, pWav1; 3, pWav2; 4, pWav7; 5, pWav20; 6, pWav21; 7, pWav22; 8, pWav23; 9, pWav24; 10, pWav25; 11, pRC41. the set of T. roseopersicina accessory genes introduced was not sufficient for maturation and assembly of an active hydrogenase.
Co-expression of the T. roseopersicina hydrogenase with AltDE accessory proteins in E. coli Since expression of the accessory genes from AltDE led to the production of an active AltDE hydrogenase in E. coli, we next tested whether the AltDE accessory proteins could substitute for the T. roseopersicina accessory proteins and assemble a functional T. roseopersicina hydrogenase in E. coli. By using pTrc-NSI as an expression vector, we constructed a plasmid (pWAV10) that contained all accessory genes from the AltDE hydrogenase gene cluster, but lacked the hydrogenase structural genes hynSL (Fig. 5) . The pAC-TrSL, pAC-Hyn3 or pAC-Hyn4 plasmids were co-expressed separately with the plasmid pWAV10 in the E. coli strain FTD147. Western blotting showed that a protein band with the expected size of T. roseopersicina HynL was expressed in all co-expressed strains (Fig. 6a) . As a control, plasmid pAC-AmSL was created by cloning the structural genes hynSL of AltDE hydrogenase HynSL into the pACYC184 vector. Co-expression of pAC-AmSL with pWAV10 generated a slightly larger protein band corresponding to AltDE HynL (Fig. 6a) . We observed that the hydrogenase expression levels in the strains co-expressing pWAV10 were lower than those in strains expressing plasmids pAC-TrSL, pAC-Hyn3 or pAC-Hyn4 alone (Fig.  6a) , even though a similar amount of protein was loaded in each lane (Fig. 6b) .
To determine whether pWAV10 could facilitate assembly of an active T. roseopersicina hydrogenase HynSL, in vitro H 2 -evolution activity assays were performed. The E. coli strain FTD147 co-expressing pAC-TrSL and pWAV10 showed hydrogenase activity (Fig. 6c) . This result indicates that accessory proteins from AltDE could assemble an active HynSL in E. coli. As expected, the positive control strain FTD147 carrying pAC-AmSL and pWAV10 had hydrogenase activity while FTD147 carrying pAC-AmSL alone did not have any activity (Fig. 6c) . Overall, hydrogenase activities were detected only in the E. coli cells co-expressing pWAV10 (Fig. 6c) , despite the fact that the expression level of HynL in these cells was lower than that in E. coli expressing plasmids with structural genes (hynSL) alone (Fig. 6a) . This suggests that the co-expressed plasmid pWAV10 might affect the level of expression of the structural genes while allowing for assembly of active hydrogenases.
The activity of T. roseopersicina HynSL in FTD147/pACTrSL+pWAV10 was about 10 % of the activity of AltDE HynSL from FTD147/pAC-AmSL+pWAV10 (Fig. 6c) , and 5-6 % of the activity of T. roseopersicina HynSL from the native host T. roseopersicina . To determine if any additional known T. roseopersicina accessory genes could improve assembly of a functional hydrogenase HynSL, pAC-Hyn3 and pAC-Hyn4 were separately co-expressed with pWAV10 in FTD147. The result from the hydrogenase activity assay showed that the hydrogenase activity from these strains was similar to that from FTD147/pAC-TrSL, indicating that accessory genes from T. roseopersicina, including hynD, hupK and Determination of H 2 -evolution activity of heterologously expressed T. roseopersicina hydrogenase HynSL. Crude cell extracts were used for in vitro hydrogen evolution assays. The experiment was repeated three times. Error bars indicate SD of the mean from three replicate cultures. Lanes/bars: 1, pWav10; 2, 3, 4, 5, 6, 7, 8, 9, hypC1C2DEF, did not boost the T. roseopersicina hydrogenase activity (Fig. 6c) .
Plasmid pAC-Hyn4 does not contain genes hypA and hypB, whose protein products are required for assembling [NiFe] hydrogenases. Thus, we tested whether AltDE hypA and hypB genes alone could complement the missing T. roseopersicina hypAB in pAC-Hyn4 and allow for full assembly and maturation of T. roseopersicina HynSL. The hypAB genes from AltDE were cloned into the expression vector pTrc-NSII, creating pAmHypAB (Fig. 5 ) that is compatible with pAC-Hyn4, and the two plasmids were coexpressed in FTD147. However, no in vitro hydrogenase evolution activity was detected from cultures that coexpressed both the pAC-Hyn4 and pAmHypAB plasmids, suggesting that additional accessory proteins are required for the maturation.
DISCUSSION
We have successfully expressed active [NiFe] hydrogenases from AltDE and T. rosepersicina in E. coli. Expression of the AltDE hydrogenase HynSL in E. coli was facilitated by the tightly clustered hydrogenase genes in the AltDE genome. The construction of a series of expression plasmids with various combinations of genes from the cluster allowed us to determine the minimal set of genes required for assembling active hydrogenases. Under our aerobic experimental conditions, the AltDE structural genes (hynSL) and accessory genes (hynD and hypCABDFE) were sufficient for expressing an active hydrogenase, and addition of hupH and orf2 significantly increased hydrogenase activity. Presumably, the higher activity was achieved by more efficient maturation of HynSL. It remains to be determined whether these genes play a similar role for HynSL maturation in their native host, AltDE.
Of the two genes hupH and orf2 that enhanced HynSL activity in E. coli, only hupH was predicted to encode a putative hydrogenase accessory protein (Böck et al., 2006) . HupH from AltDE shares approximately 10 and 20 % identity with HupH from Rhizobium leguminosarum bv. vicae and Bradyrhizobium sp. BTAi1, respectively, and 10 % identity with HoxQ from Ralstonia eutropha. The AltDE HupH protein also shares 10 % identity with HyaF from E. coli. Interestingly, in a case similar to our findings in this study, an E. coli hyaF mutant produced a functional hydrogenase in the absence of hyaF, but activity increased when this gene was reintroduced (Menon et al., 1991) . HupH and HoxQ from Rhizobium leguminosarum and Ralstonia eutropha, respectively, were found to be essential for expression of an active hydrogenase and it was suggested that they may be involved in proper maturation of the hydrogenase small subunit (Bernhard et al., 1996; Manyani et al., 2005) . It is unclear whether HupH in AltDE is also involved in the maturation of the small subunit.
Little is known about orf2 except that it is predicted to encode an integral membrane protein. While experiments are needed to further understand the mechanism of HynSL maturation, orf2 may encode a novel class of hydrogenase accessory protein. No genes with significant similarity to orf2 can be found in E. coli. Addition of orf1 was not found to confer any additional effect on hydrogenase activity compared with inclusion of the rest of the genes in the AltDE hydrogenase cluster. This indicates that under our experimental conditions, the gene was not required for the assembly and maturation process. However, Orf1 was found to have low similarity to FeS-containing ferredoxinbinding proteins. It remains to be investigated whether it could function as a specific electron mediator for in vivo hydrogenase activity of the AltDE hydrogenase HynSL that is loosely membrane-bound in AltDE (Vargas et al., 2011) .
To heterologously express [NiFe] hydrogenases, we used an E. coli strain in which all three functional hydrogenases had been knocked out. This E. coli strain still contained all the accessory proteins required for the assembly of its own hydrogenases. However, no hydrogenase activity was detected in E. coli when the two AltDE structural genes hynSL were expressed alone or when hynSL was combined with as many as seven AltDE accessory genes including hypCABDFE and hupH. Co-expression of hynSL with accessory genes hynD and hypCABDFE from AltDE generated hydrogenase activity, indicating that hynD is an essential gene for assembling an active HynSL. It is not clear whether the hypCABDFE genes are essential. Recently, an active [NiFe] hydrogenase from P. furiosus was expressed in E. coli when only the structural genes and the protease were expressed (Sun et al., 2010) . Because these experiments were performed under anaerobic conditions, it is likely that accessory proteins from E. coli assisted the maturation of the heterologous hydrogenase. However, under our aerobic experimental conditions, E. coli hydrogenase accessory proteins are likely to be only weakly expressed because the hydrogenases are repressed under aerobic conditions and they are expressed at a very low level (Richard et al., 1999) . It remains to be determined whether any of the accessory proteins from E. coli contributed to the maturation of HynSL under aerobic conditions. We found that AltDE HynSL expressed under anaerobic conditions had approximately twofold higher hydrogenase activity. This suggests that more efficient assembly and maturation of the hydrogenase could occur under anaerobic conditions. It is not clear whether any anaerobically induced E. coli host factors facilitated the hydrogenase maturation or whether AltDE accessory proteins could function more efficiently under anaerobic conditions. In E. coli, there are other proteins that may be involved in hydrogenase assembly and maturation, but they are not exclusively accessory proteins. For example, CarAB, a carbamoylphosphate synthetase, is involved in the synthesis of the cyanide ligands of the [NiFe] catalytic centre, and the protein SlyD may be involved in nickel insertion of the [NiFe] centre (Barrett et al., 1984; Zhang et al., 2005; Forzi & Sawers, 2007) . Orthologues of carAB and slyD are found in the AltDE genome (slyD, MADE_03028 and carAB, MADE_02244, 02243), suggesting that these two proteins could be involved in assembly of HynSL in AltDE. However, it is not yet clear whether or how native E. coli proteins, such as CarAB and SlyD, contribute to assembly and maturation processes of the foreign hydrogenases.
A previously published report showed lack of hydrogenase activity when the hynSL genes from T. roseopersicina were expressed in E. coli indicating that additional maturation proteins are required for proper maturation (Shirshikova et al., 2009) . Because the genome sequence of T. roseopersicina has not yet been published, only a subset of the T. roseopersicina genes typically required for [NiFe] hydrogenase maturation have been discovered from mutational studies (Fodor et al., 2001; Maró ti et al., 2003) . When we assembled these genes along with the hydrogenase structural genes into artificial operons and expressed them in E. coli, no activity was observed, suggesting that some essential T. roseopersicina accessory genes could be missing.
Co-expressing pWAV10 with these T. roseopersicina genes in E. coli generated an active HynSL, which suggests that the accessory genes from AltDE could complement the T. roseopersicina genes that were missing. Conversely, our previous study demonstrated that T. roseopersicina accessory genes could complement those from A. macleodii and assemble an active Alteromonas hydrogenase in T. roseopersicina (Maró ti et al., 2009). Overall, these results indicate that the two HynSL hydrogenases from AltDE and T. roseopersicina share similar maturation mechanisms. However, sequence alignment reveals that the T. roseopersicina accessory proteins, HynD, HypC1/C2, HypD, HypE and HypF share only 26-43 % identity with their counterparts in AltDE, which is much lower than the 60 % identity shared between the structural proteins of the two hydrogenases. We did not find the counterpart of the T. roseopersicina essential accessory protein HupK in AltDE. It is unknown how AltDE accessory proteins substituted HupK in assembling T. roseopersicina HynSL in E. coli. The counterparts of AltDE accessory proteins HypA, HypB, HupH and Orf2 have not been identified in T. roseopersicina. It remains to be determined whether genes encoding orthologues of these AltDE accessory proteins exist in T. roseopersicina since its genome has not been fully sequenced. However, co-expression of AltDE hypA and hypB genes with the entire set of known T. roseopersicina accessory genes was not sufficient to generate a functional hydrogenase in E. coli. One possible explanation is that unidentified T. roseopersicina accessory proteins (in addition to HypA and HypB) may be required for assembling an active T. roseopersicina HynSL. Further study is needed to investigate whether proteins encoded on the pWAV10 plasmid, such as HupH and Orf2, could complement the unidentified T. roseopersicina accessory proteins and allow proper assembly of an active T. roseopersicina HynSL.
One of the primary foci of synthetic biology is the development of genetic parts that are able to function similarly in different genetic environments (Benner & Sismour, 2005) . While hydrogenases may be useful, assembly of active hydrogenases requires the involvement of many accessory proteins. By first creating an assembly vector containing all the accessory genes from AltDE, we created a 'chassis' for the maturation of the two HynSL hydrogenases. Whether other hydrogenases can also be expressed with this maturation system remains to be determined. In the case of AltDE and T. roseopersicina hydrogenases, the organisms themselves are not closely related despite the presence of hydrogenases of similar sequence in both organisms. This highlights the importance of sequence similarity rather than strict phylogeny for the usefulness of the CBA system of hydrogenases. Construction of a co-expression vector for hydrogenase maturation similar to pWAV10 is becoming increasingly simpler as methods for DNA synthesis and assembly are developed (Gibson et al., 2009) . Future experiments will explore whether other functional hydrogenases can be expressed using a similar accessory gene co-expression system.
